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-  THE   SYNCHRONOUS  MOTOR  - 


INTRODUCTORY  PARAGRAPH. 


It  is  intended  in  this  paper,  to  present  a  thor- 
ough treatment  of  the  J>heory  and  operation  of  the  synchron- 
ous motor.   The  data  contained  in  the  paper  is  the  result 
of  a  series  of  tests  made  in  the  laboratories  of  Armour 
Institute  of  Technology,  Chicago,  the  motor  tested  being 
of  the  6-pole  revolving  field  type,  operating  on  25  cycles 
and  developing  30  horse  power.   The  motor  was  made  by  the 
General  Electric  Company  and  was  so  designed  as  to  permit 
of  either  tvro  of  three  phase  operation.   The  power  was  sup- 
plied by  a  two  and  three  phase  inverted  lotary  converter 
which  was  also  made  by  the  General  ElectEic  Company. 

The  subject  is  herein  treated  under  two  general 
heads;  first,  theoretical  treatment  and  second,  experiment- 
al investigations.   The  latter  is  further  subdivided  under 
four  heads  as  follov/s:- 

First;  A  series  of  complete  perfor-mance  tests. 

Second;  Hunting  investigations, 

Third;  Variation  of  starting  torque  with  field 
excitation, 

and.      Fourth;  Determination  of  wave  forms  by  means  of 
the  oscillograph. 

In  preparing  the  theoretical  treatment  of  the 
subject  we  were  guided  to  a  certain  extent  by  similar 
treatments  in  the  various  references  found  in  the  biblio- 
^  graphy.   In  the  performance  of  the  experimental  part  v/e 
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received  many  valuable  si^.ggestions  from  Associate  Profes- 
sor John  Edwin  Snow,  and  Assistant  Professor  Ernest  Har- 
rison Freeman,  "both  of  the  department  of  Electrical  Eng- 
ineering of  the  Institute. 
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3. 


-•.^'  ^•-"  '•■-•  — ■'•■  ■      FUNDMIENTAL   CONCEPTION.       '' '  ^ 

When  a  certain  concluctor  on  the  armature  of  an 
alternating  current  generator  is  under  a  north  pole  of  the 
field  the  current  in  the  said  conductor  will  be  in  a  dir- 
ection such  that  the  force  v;hich  the  field  exerts  upon  the 
conductor  will  tend  to  oppose  the  motion  of  the  armature, 
and  when  the  conductor  has  moved  so  that  it  is  under  a 
south  pole  of  the  field  magnet  the  current  will  have  re- 
versed so  that  the  force  on  the  conductor  will  still  op- 
pose the  motion  of  the  armature.   If  now,  the  alternating 
current  generator  be  driven  by  an  engine  or  motor  and  alter- 
nating current  be  supplied  to  the  revolving  armature,  then 
the  motion  of  the  armature  will  be  assisted  by  the  A. C. 
if  the  following  conditions  are  satisfied :- 

1.  If  the  speed  of  the  armature  is  such  that 

of  a  north  pole  to  the  middle 
said  conductor  moves  from  the  middleAOf  the  adjacent  south 

pole  during  the  time  of  one  alternation  of  the  supply. 

2.  Tf  the  direction  of  the  supplied  alternating 
current  is  opposite  to  that  which  would  ordinarily  flow 
in  the  armature  when  delivering  current  as  a  generator. 

This  is  evident  when  we  note  that  the  current 
is  reversed  every  time  a  conductor  passes  from  one  pole 
to  the  next,  and  that  this  reversed  current  will  be  acted 
upon  by  the  different  polarity  of  the  next  pole  with  a 
force  always  in  the  direction  of  rotation.   Therefore, 
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if  conditions  1  and  2  are  fulfilled  the  engine  or  motor 
can  be  disconnected  and  the  armature  of  the  motor  will 
continue  to  revolve  at  a  speed  depending  upon  the  frequen- 
cy of  the  supply  and  power  may  be  delivered  from  its  shaft. 

When  an  alternator  is  used  in  this  way  it  is 
known  as  a  synchronous  motor.   Any  alternator  may  be  used 
as  a  synchronous  motor  without  alteration  of  any  kind  for 
they  are  identical  both  electrically  and  mechanically. 


(Figure  2.) 
VECTOR  DIAGRAM   FOR   SYNCHRONOUS  MOTOR, 
Motor  c.e.m.  f.  ^  Generated  e.m.  f. 
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PART   I. 

}\e.\-e   thf.  .same  r    THEORETICAL  TREATMENT.       ;.  . v  , 

Representation  of  the  Power  taken  by  a 

r.  ij\;Ty!  r^      .  .  ■■:'.:.:'. 

Synchronous  Motor. 

t?'r  p-:.:'r 

Suppose  we  have  two  machines,  A  and  B  (see  diag- 
ram, Pig.  !•)»  one  (A)  riinning  as  a  generator  and  the  other 
(B)  running  as  a  motor.   Draw  a  circle  with  a  radius  equal 
to  the  e.m. f.  generated  hy  the  alternator  A  and  draw 
OC  equal  to  the  c.e.m.  f.  of  the  motor  and  in  its  proper 
phase  relation  to  the  generator  e.m. f. 

Since  the  resuSitant  e.m.  f.  is  the  vector  sum  of 
these  two  e.m. f. s,  a  line,  such  as  OT,  drawn  from  0  to 
any  point  T  on  the  circumference  of  the  circle  will  rep- 
resent the  resultant  e.m. f.  "both  in  magnitude  and  phase 
relation.   The  current  flowing  in  this  circuit  v/ill  have  a 

value 

E 
I  = 


zTsr 

w  L 


in  which  E  is  the  resultant  e.m. f. ,  R  is  the  total  resist- 
ance of  the  circuit,  L  is  the  total  inductance  of  the  cir- 
cuit, including  that  of  "both  armatures,  and  w  is  the  fre- 
quency of  the  current  in  radians  per  second,  this  being 
equal  to  Tf  where  f  is  the  frequency  in  cycles  per  second. 
This  current,  on  account  of  the  inductance  in  the  circuit, 
will  lag  the  impreseed  e.m. f.  by  the  angle  6,  the  tan- 
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6. 

w  L 

gent  of  which  is  — ,  in  which  expression  the  letters 

......       R  .   . 

have  the  same  significance  as  in  the  equation  above.  The 
line  is  now  drawn  through  0  making  the  angle  e  with  B  and 
a  perpendicular  to  it  is  drawn  from  T,  intersecting  it  in 

the  point  S.        /..  -    --  -  ,.^ -. 

Let  P  represent  the  input  to  the  machine  B. 
Then,     -   P  =  -  BI  cos  (o(  -  180 ) 

r-    ■■-    ■■■:'■"'■   '■   -  =  BI  coso^  -  ■  -^  --1-^-::. 

Also,   '  ' '^    OS  =  OT  cosoC=  E  cosiX         "-   ^'■''•- 

-        -^  ^- -  s:  I  y  R^  (wL)^cos(X  '   - 

OS  -.       -   '^ 

Or,      I  coso(  = ^^^^^^^^. 

■  r  ^     ^  R'^f.  (wL)-^     --■  ■   i-'---^-'^    ^'■'   I----- 

B  (OS)        ■-■"-  -'■■''^■^  ^^^'-'-'^    '•■ 
Therefore ,    P  =  —rr< ^E^^-^-rrrr- 

j/^^(wl7^^  ■■"  ■  •■■  '''■  ■     -" 

orrc:  :;:.•■  ■:  j^qw,  in  any  particular  case,  the  only  variable 
is  the  quantity  OS.   This  indicates  that  the  power  taken 
by  the  motor  B  is  proportional  to  the  line  OS.   Since  we 
have  measured  the  line  OS  to  the  left  of  0,  calling  this 
direction  positive,  if  T  should  rotate  around  past  x  or 
z  in  either  direction,  the  quantity  (OS)  and  consequently 
the  power  P  would  become  negative.   This  would  mean  that 
the  machine  would  no  longer  be  running  as  a  motor  and  draw- 
ing power  from  the  line  but  would  be  running  as  a  generator 
and  giving  power  back  into  the  line. 

Suppose  we  have  the  motor  rtmning  on  very  light 
load  so  that  the  current  and  the  c. e.m. f.  of  B  are  nearly 
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in  quadrature.   Then  the  point  T  will  be  very  near  to  x, 
OS  being  very  small  but  positive.   Now  as  a  load  is  put 
upon  the  motor  it  will  fall  behind  the  generator  in  phase, 
T  passing  arovmd  the  arc  of  the  circle  and  OS  steadily 
increasing  until  the  point  M  is  reached,  which  gives  the 
maximum  value  of  OS  and  consequently  the  maximum,  power 
input.   If  now,  the  load  is  still  further  increased,  the 
power  input  v/ill  decrease  until  the  point  z   Is  reached, 
after  which  the  machine  will  act  as  a  generator.   The 
load  of  the  motor  combined  with  its  generator  load  causes 
it  to  fall  farther  and  farther  behind  the  generator,  no 
power  being  supplied  to  it  from  the  tim.e  T  passes  the  point 
z  till  it  reaches  x.   Under  the  combined  influences  of 
these  forces  the  rotor  of  the  motor  will  fall  out  of  syn- 
chronism and  stop. 

In  the  diagrams  so  far  discussed  it  has  been 
assumed  that  the  motor  operates  on  a  constant  potential 
circuit  with  eonstant  field  excitation,  a  condition  which 
fixes  the  value  of  the  armature  current,  power  factor, 
etc.  for  any  particular  value  of  the  load.   This  condition 
will  probably  not  be  found  in  any  practical  case*  There 
are  always  two  independent  variables  in  the  operation  of 
the  synchronous  motor,  the  field  current  and  the  load  or 
output.   This  fact  is  of  great  importance  in  the  practical 
operation  of  the  machine  as  will  be  pointed  out  in  another 
part  of  this  paper,  for  on  accotmt  of  this  fact  the  motor 
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may  be  made  to  serve  the  double  purpose  of  carrying  a  cer- 
tain load  and  at  the  same  time  furnishing  a  wattless  cur- 
rent to  the  line.   This  wattless  current  will  affect  the 
phase  relation  of  current  to  e.m. f.  in  the  entire  system 
and  thus  may  he  used  to  improve  an  otherwise  poor  power 
factor  and  regulate  the  voltage  to  a  considerable  extent. 
Moreover  this  current  may  be  made  either  leading  or  lag- 
ging, the  former  by  over  excitation  of  the  fields  and  the 
latter  by  under  excitation.   Hence  this  method  of  regula 
ation  will  apply  equally  well  to  all  conditions  of  load 
on  the  line.  .  ^  , 

^ Since  these  factors  are  variable  it  will  be  well 

.to  have  a  vector  diagram  for  studying  the  relation  of  the 
various  quantities  of  the  synchronous  motor.   In  the  dia- 
gram (Fig.  3)  we  will  assume  that  the  impressed  e.m.f. , 
load,  and  field  excitation,  or  the  corresponding  counter 
e.m.f.  are  given  and  that  it  is  required  to  find  the  other 
^  quantities. 

First  we  may  draw  OE^^  (Fig.  3),  representing 
in  magnitude  the  counter  e.m.f.  of  the  motor.   Then  the 
line  OE,  equal  and  opposite  to  it  will  represent  the  e.m.f. 
consumed  by  this  counter  e.m.f.  (e).   Now  let  Pq=  the 
mechanical  output  of  the  motor.   Then  i]_  =  the  energy 
component  of  the  current  taken  by  the  motor  =  Pq/s. 
This  may  be  represented  by  the  line  01]^,  in  phase  with 
e.   Since  this  is  the  projection  of  the  current  vector 
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upon  the  line  OE,  the  cxirrent  vector  must  terminate  on  a 
line  such  as  i,  perpendicular  to  OI^.   Now  let  r  =  the 
resistance  and  x  =  the  reactance  of  the  circuit  "between 
(e)  counter  e.m. f.  and  (e  )  impressed  e.m. f.   Then  a  line 
such  as  OEp  also  in  phase  with  e  will  represent  l.r  =  the 
e  ,m.  f .  consumed  by  the  resistance,  and  OE^^  in  quadrature 
with  this  will  represent  i,x  =  the  e.m. f.  consumed  in  the 
reactance  of  the  energy  current  i  .   The  resultant  of  these 
two  components,  which  is  OE^  represents  the  e.m. f.  consum- 
ed in  the  impedance  of  the  energy  component  of  the  cur- 
rent i,.  Since  this  is  a  projection  of  the  impedance  vol- 
tage of  the  total  current  (e*),  the  vector  representing  e* 
must  terminate  in  a  line  perpendicular  to  0E4  through  E|, 
such  as  e".   From  the  construction  of  the  figure  if  we 
swing  an  arc  from  the  point  E^^  as  center  and  radius  equal 
to  the  impressed  e.m. f.  (©q)*  the  point  of  intersection 
of  this  arc  with  the  line  e"  will  locate  the  point  E' 
such  that  when  joined  to  the  point  0,  OE*  will  represent 
the  impedance  voltage  of  the  total  current.   Now  we  have 
the  component  of  the  impressed  e.m. f.  (e  )  absorbed  by 
the  counter  e.m. f. (OE)  and  the  component  absorbed  by  the 
impedance  (OEM,  which  gives  the  resultant  OE^ ,  represent- 
ing the  total  impressed  e.m. f.  (e  ). 

From  a  study  of  the  diagram  we  readily  see 
that  it  is  fully  determined  if  the  three  quantities,  im- 
pressed (e  ),  counter  e.m.f.  (e),  and  load(P^  are  given, 
and  that  from  it  the  other  quantities  such  as  current  (Ol), 
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the  components  of  the  e.m.  f.  consumed  "by  the  impedance 
(OE  )  (OE  ),  the  power  factor  (cos^  lOE  ) ,  etc.  may  "be 


determined. 


31 


O  ""  X  ^^       ■ 


11. 


HUNTING. 

Hunting  is  a  term  applied  to  the  oscillatory 
motioa  often  produced  in  synchronous  machines,  both  mot- 
ors and  converters.   This  action  may  be  produced  in  several 
different  ways,  the  principal  one  of  which  is  perhaps  a 
variable  load.   Refer  to  Fig.  1  and  suppose  we  have  a  cer- 
tain load  and  field  current  such  that  the  vector  A  assumes 
the  position  Ca,  end  the  load  is  constant  and  the  motor  is 
running  at  a  constant  and  uniform  speed,  that  is  it  is  not 
hunting.  Now  suppose  that  with  the  field  current  remain- 
ing constant  the  load  is  suddenly  increased  •  A  would 
need  to  rotate  to  the  position  Ca  in  order  to  give  the 
necessary  input  to  carry  the  increased  load.   Since  the 
angle  /$  represents  the  angular  displacement  of  the  motor 
from  the  generator,  the  rotation  of  the  vector  A  means 
an  increase  in  the  angular  displacement  or  a  slight  mom- 
entary reduction  in  the  speed  of  the  motor.   The  rotor  of 
the  motor  may  be  considered  to  be  coupled  to  the  generator 
through  a  magnetic  coupling  which  is  very  elastic.   Then, 
this  being  the  case,  the  inertia  oC  the  rotor  while  being 
slowed  down  by  the  increasing  load  will  tend  to  carry  the 
vector  A  past  the  point  d,  thus  increasing  the  power  input 
above  that  necessary  to  carry  the  load.   This  increased 
input  Increases  the  torque  and  the  motor  falls  back  more 
nearly  into  phase  with  the  generator,  the  Inettia  of  the 
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rotor  again  carrying  it  past  the  point  d  so  that  the  in- 
put is  less  than  that  necessary  to  carry  the  load.   Then 
the  speed  of  the  motor  is  again  decreased  by  the  exces- 
sive load  and  the  input  again  becomes  too  great.   This 
action  continues  almost  indefinitely  in  some  cases  and 
causes  great  trouble.   All  meters  on  the  line  are  throvm 
into  vibration  by  it  and  the  load  on  the  generator  fluct- 
uates in  synchronism  with  the  hunting,  the  effect  on  the 
line  being  known  as  surging.   The  current  in  the  line 
especially  fluctuates  greatly  and  the  counter  e.m.f, 
varies  widely. 

Hunting  may  also  be  produced  by  the  nonuniform 
speed  of  the  driving  engine.   If  it  is  a  single  expansion 
engine  and  the  fly  wheel  is  small  the  speed  will  increase 
when  the  steam  is  admitted  to  the  cylinder  and  will  de- 
crease when  cut  off  occurs,  thus  causing  a  sort  of  hunting 
action  even  in  the  engine  which  is  transmitted  through  the 

intermediate  apparatus  to  the  motors. 

a 
Naturally  this  condition  of  operation  is^very 

iindesirable  one  and  some  method  should  be  employed  to 

prevent  it  as  far  as  possible.   One  of  the  most  common 

methods  used  on  synchronous  motors  and  converters  is  the 

use  of  "dampers"  or  "  grids".   These  are  heavy  square 

frames  of  copper  which  are  supported  between  the  poles  of 

the  machine  which  act  like  short  circuited  coils,  and 

the  current  induced  in  them  by  the  variation  in  speed 
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reacts  on  the  armature  current  In  such  a  way  as  to  tend 
to  prevent  this  variation  in  speed. 

If  the  machine  is  a  motor  and  drives  the  load, 
the  Inertia  introduced  by  the  mass  of  the  moving  parts 
will  tend  to  overcome  this  hunting.   If  the  machine  is  a 
synchronous  converter,  the  mass  of  the  moving  part  is  gen- 
erally so  small  that  a  great  deal  of  difficulty  is  exper- 
ienced, hut  by  the  use  of  dampers  and  a  heavy  rotating 
part  the  trouble  is  minimized. 

The  tendency  of  a  synchronous  motor  to  hunt  may 
"be  said  to  depend  upon  the  three  following  conditions:- 

First:-  The  amount  of  impedance  in  the  circuit 
on  the  motor  side  of  the  line  where  the  impressed  pressure 
is  maintained  constant. 

Second:-  The  ratio  of  reactance  to  resistance 
in  the  impedance  referred  to  above. 

Third:-  The  excitation  of  the  motor  field  rel- 
atively to  that  of  the  generator. 
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PRACTICAL  USES   OF  THE   SYNCHRONOUS  MOTOR. 

In  addition  to  the  foregoing  theoretical  treat- 
ment it  is  desired  to  present,  with  more  or  less  detail, 
the  field  of  usefulness  of  the  synchronous  motor  and  to 
discuss  the  conditions  which  limit  this  field.   It  is 
evident  that  such  a  motor  can  not  "be  used  where  variable 
speed  is  desired  for  the  synchronous  motor,  as  the  title 
indicates,  must  run  in  synchronism  with  the  generator  sup- 
plying the  power,  that  is  the  cyclic  speed  of  the  motor 
must  be  the  same  as  that  of  the  generator.  '        ■.<-:  • 'v 

It  is  a  well  known  fact  that  in  a  synchronous 
motor  which  is  operating  without  load,  the  armature  cur«» 
rent  can  he  varied  by  varying  the  field  strength.   A  cer- 
tain value  of  field  excitation  will  give  the  minimum 
armature  current,  and  any  increase  or  decrease  in  the  field 
excitation  will  cause  an  increase  in  the  armature  cur- 
rent, this  increase  being,  to  a  great  extent,  wattless. 
The  field  excitation  which  produces  this  minimum  arm-  '  ■  ' 
ature  current  is  known  as  normal  field  excitation.  '■-■■'• 

In  connection  with  variable  field  excitation, 
it  is  found  that  the  armature  current  will  lag  the  appli- 
ed e.m, f.  and  lead  the  counter  e.m. f.  if  the  field  excit- 
ation be  below  the  normal  value.   Similarly,  if  the  field 
excitation  be  above  the  noi-mal  value,  the  armature  cur- 
rent will  lead  the  applied  e.m. f.  and  lag  the  counter  e. 
m. f .   A  synchronous  motor  has  therefore  an  inherent  ten- 
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dency  to  correct  for  any  conditions  set  up  by  improper 
adjustment  of  the  field  current.   This  tendency  also  has 
a  correcting  wffect  on  the  supply  system,  since  the  cor- 
recting currents  are  drawn  from  the  line  and  tend  to  equa- 
lize the  counter  e.m. f.  and  the  applied  e.m. f.   On  account 
of  this  characteristic  the  synchronous  motor  may  "be  used 
either  to  restore  the  power  factor  in  a  system  or  to  sec- 
ure good  voltage  regulation.   The  application  of  the  motor 
for  the  former  of  these  two  purposes  may  be  seen  in  the 
case  where  transformers  are  in  circuit.   The  effect  of 
the  transformers  would  naturally  be  to  produce  a  lagging 
current  in  the  system,  but  by  placing  a  synchronous  motoi- 
in  the  circuit  and  over  exciting  its  fields  we  may  over- 
come the  effect  of  the  transformers  to  any  desired  ex- 
tent and  may  even  produce  a  leading  current  in  the  sys- 
tem.  When  a  synchronous  motor  is  thus  used  to  restore 
the  power  factor  in  an  inductive  receiving  circuit,  it 
is  often  called  a  rotary  condenser  or  a  synchronous  com- 
pensator, and  it  is  found  possible  by  this  means  to  vary 
the  power  factor  through  a  wide  range,  depending  upon  the 
location  and  current  carrying  capacity  of  the  motor. 

It  is  also  evident,  from  what  has  been  said 
above,  that  if  the  counter  e.m. f.  be  held  constant  and 
the  applied  e.m. f.  be  varied,  a  leading  or  a  lagging  cur- 
rent may  be  made  to  flow  in  the  armature.   For  example 
if  the  applied  e.m.  f.  be  dropped  below  the  counter  e.m.  f. 
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the  current  will  lag  the  counter  e.m. f. and  thus  tend  to 
demagnetize  the  motor  field  while  at  the  same  time  it 
will  lead  the  applied  e.m. f.  and  thus  tend  to  magnetize 
the  generator  fields.   Similarly,  if  the  applied  e.m. f. 
he  greater  than  the  counter  e.m.  f.  the  tendency  will  "be 
to  magnetize  the  motor  field  and  demagnetize  the  genei'- 
ator  fields.   The  result  is  to  equalize  the  applied  e.m, f. 
or  line  e.m. f.  and  the  counter  e.m. f. ,  and  thus  keep  the 
pressure  constant.   The  motor  "best  adapted  for  use  in  vol- 
tage regulation  is  thus  seen  to  he  the  one  in  which  a 
small  change  in  applied  pressure  will  cause  a  large  chan- 
ge in  the  value  of  the  leading  or  lagging  current. 

The  synchronous  motor  is  especially  useful  in 
controlling  the  voltage  at  the  end  of  a  long  transmission 
line  which  supplies  induction  motors  and  transformers. 
It  is,  of  course,  desirable  to  maintain  a  constant  voltage 
independant  of  change  of  load  or  power  factor.   It  is 
also  desirable  in  all  cases  where  practicable,  to  have 
the  line  current  as  small  as  possible,  or  in  other  words 
to  have  the  highest  possible  power  factor,  thus  reducing 
the  line  loss  to  a  minimum.   In  such  a  case  the  increased 
output  may  more  than  compensate  for  the  first  cost  of 
the  synchronous  motor.   In  general ,  the  more  current 
such  a  motor  will  give  on  short  circuit,  the  better  ad- 
apted it  will  be  for  use  in  regulating  voltage  and  power 
factor.   Any  given  synchronous  motor,  when  used  as  a  syn- 
chronous compensator,  is  most  effective  when  operating 
at  no  load. 
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When  a  number  of  synchronous  motors  are  install- 
ed In  a  power  station,  it  is  necessary  to  have  very  accur- 
ate field  adjustment  in  order  to  avoid  cross  currents 
"between  the  machines,  and  the  saturation  characteristics 
of  the  different  machines  should  be  as  nearly  as  possible 
identical.   It  has  been  found  that  a  synchronous  motor  can 
be  used  more  economically  when  operating  both  as  a  reg- 
ulator and  as  a  motor,  than  when  used  as  a  regulator  alone. 

The  vector  diagrams  in  figures  a  and  b  show 
how  it  is  possible  for  a  synchronous  motor  to  give  a 
leading  current  to  the  system.   Suppose  we  have  a  certain 
load  and  field  current  such  that  the  vectors  are  in  the 
phase  relation  shown  in  the  diagram.   If  the  field  current 
is  increased,  the  torque  will  be  increased  and  the  e.m. f. s 
A  and  B  will  be  more  nearly  in  opposition  so  that  the 
point  T  will  rotate  toward  the  point  x.   ^.Vhen  OT  has  rot- 
ated till  it  coincides  with  ef,  the  current  and  the  counter 
e.^. f.  are  in  opposition  so  that  the  current  and  the  e.m, f, 
are  in  phase.   If  the  field  current  is  increased  still 
more,  the  generator  e.m.  f.  and  the  motor  e.m,  f,  will  fall 
more  and  more  nearly  into  phase  and  the  current  vector 
will  lead  the  e.m. f.  vector. 
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SUMMARY   OF  PRECEDING   STATEMENTS. 

1.  A  synchronous  motor  can  "be  used  to  establish 
leading  or  lagging  currents  in  a  system  by  changing  the 
field  excitation,  and  can  th\is  be  used  to  control  the 
power  factor  or  the  phase  relation  of  the  e.m. f.  and 
the  curient. 

2.  By  keeping  the  field  strength  constant  anO  vary- 
ing the  pressure  of  the  supply  system  above  or  below  the 
counter  e.m. f.  of  the  motor,  leading  or  lagging  currents 
may  be  produced  in  the  supply  system,  thus  regulating 
the  voltage. 

3.  Such  regulating  action  is  most  marked  in  those 
machines  which  have  the  closest  true  inherent  regulation. 

4.  If  the  synchronous  motor  is  used  both  for  reg- 
ulating the  power  factor  and  for  voltage  regulation,  its 
normal  regulating  capacity  will  be  diminished. 

5.  If  the  synchronous  motor  can  be  used  both  for 
regulation  purposes  and  for  power  transmission,  its  ap- 
parent capacity  will  be  inci-eased. 
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PRACTICAL  APPLICATIONS   OF   THE   SYNCHRONOUS  MOTOR 
iM   CKNTRAL   STATION  WORK. 

There  are  several  applications  to  which  the 
synchronous  motor  may  "be  put  in  central  station  work,  for 
this  appears  to  present  the  hroadest  field  of  usefulness 
for  these  motors. 

In  the  Farady  Street  Station  of  the  Worcester 
(Mass.)  Electric  Light  Company's  plant  the  dynamo  equip- 
ment, which  was  installed  a  numher  of  years  ago,  consist- 
ed of  several  "belt  driven  generators  which  were  all  driv- 
en from  an  extensive  line  shaft  placed  in  the  "basement  of 
the  building.   Later,  when  changes  were  made,  there  was 
a  500  K. W. ,  2300  volt,  General  Electric,  revolving  field 
type  alternator  mounted  upon  this  line  shaft  and  used 
either  as  a  synchronous  notor  or  as  a  generator.   Brush 
arc  Laachines  and  a  250  K.W.  ,  S-phase,  60  cycle,  alter- 
nator for  incandescent  lighting,  in  addition  to  the  direct 
current  machinery  for  power  purposes,  are  now  driven  from 
this  shaft.   2000  K,\1.    in  direct  connected  alternators 
were  later  Installed.   This  arrangement  is  very  flex- 
ible for  if  either  of  the  alternators  "breaks  do'^m,  or  if 
either  of  their  engines  go  wrong,  the  synchronous  inotor 
can  "be  operated  as  a  generator  to  help  carry  the  load. 
If  one  of  the  three  engines  used  to  drive  the  line  shaft- 
ing "becomes  damaged,  the  motor  can  "be  used  to  help  the 
operation  of  the  power  machines,  power  being  supplied  to 
the  motor  from  the  alternators. 
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Another  important  use  of  synchronous  motors  on 
a  large  scale  is  in  the  case  where  it  is  desira^ble  to 
drive  arc  machines  "by  motors  instead  of  "by  line  shafting, 
energy  Taeing  furnished  to  the  motors  hy  engine  driven 
alternators.   Such  a  scheme  as  this  is  used  in  the  L 
Street  Station  of  the  Boston  Edison  Company*  The  sets, 
of  V7hich  there  are  twenty  four,  consist  of  one  150  K. W. 
motor  direct  connected  to  two  Brush  arc  machines  of  8500 
volts  and  6.6  amperes  capacity,  operating  at  a  speed  of 
514  r.p.m.   These  synchronous  motors  take  their  current 
direct  from  the  2250  volt  bus  "bars.   By  this  arrangement 
the  power  factor  of  the  system  is  readily  controlled  with 
a  consequent  increase  in  the  capacity  of  the  station. 
In  the  Buffalo  (New  York)  Substation  of  the 
Niagara  Falls  Power  Company,  it  is  said  that,  since  the 
synchronous  motor-generator  sets  have  been  installed, 
the  power  factor  has  been  raised  from  a  value  of  about 
.65  to  a  value  nearly  unity.   These  synchronous  motors  act 
b«th  as  regulators  and  as  power  machines. 
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PART  II.   SECTION  I. 


Performance  Tests. 


The  complete  perforraance  of  the  motor  was  as- 
certained 'oy  a  series  of  hrake  tests.   The  motor  was  oper- 
ated on  both  two  a7T.d  three  phase  current,  the  power  deliver- 
ed being  alDsorhed  hy   a  prony  "brake.   The  electrical  con- 
nections for  three  phase  operation  were  made  as  shown  in 
wiring  diagram  (?ig.  4.)  and  those  for  tv/o  phase  oper- 
ation were  made  as  shown  in  diagram  (Fig.  5.).   Both  of 
these  diagrams  are  very  simple  as  they  show  only  the  main 
switch  and  switches  for  transferring  the  instrument  con- 
nections from  phase  to  phase.   In  the  three  phase  system 
the  power  delivered  to  the  motor  was  measured  "by  the  two 
wattmeter  method;  that  is,  the  wattmeter  had  its  pressure 
lead  permanently  connected  to  one  line  and  the  series 
coil  was  alternately  placed  in  each  of  the  others.   The 
s"am  of  the  tv;o  wattmwter  readings  is  the  total  power  of 
the  circuit.   In  the  two  phase  system  the  power  was  meas- 
ured  by  the  two  wattmeter  system  also,  but  here  the  instru- 
ment was  transferred  alternately  into  each  of  the  two 
phases,  each  phase  being  treated  as  an  entirely  separate 
single  phase  circuit.   Here  also  the  total  power  of  the 
system  is  the  siim  of  the  two  wattmeter  readings.   The 
ammeter  and  voltmeter  were  so  connected  as  to  be  trans- 
ferred with  the  wattmeter.   Besides  the  connections  shoiSTi 
in  these  diagrams  was  the  field  circuit  of  the  motor. 
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which  contained  the  field  ammeter  and  a  series  of  rheo- 
stats for  fine  regulation  of  field  current. 

The  brake  tests  were  conducted  as  follows:- 
The  field  current  was  adjusted  to  some  value  and  the  arajR 
meter,  voltmeter,  and  wattmeter  readings  taken  with  the 
"brake  set  loose.   The  brake  was  then  set  more  tightly, 
the  field  current  being  the  same,  and  the  meter  readings 
repeated.   In  this  manner  readings  were  taken  until  the 
motor  was  stopped  by  overload  or  the  capacity  of  the  sup- 
plying rotary  was  exceeded.   Such  series  of  readings  were 
taken  with  various  field  currents  within  the  limits  allow- 
ed by  the  heating  of  the  motor. 

Since  the  motor  was  of  small  size  the  pressure 
of  the  supply  was  not  reduced  in  starting,  the  motor  arm- 
ature being  connected  directly  to  the  mains  with  open 
field  circuit.  \fJcien   connected  in  this  way  it  starts  as 
an  induction  motor,  currents  being  induced  in  the  field 
poles  which  react  on  the  armature  current  and  produce  the 
starting  torque.   In  this  way  the  motor  may  be  brought  up 
nearly  to  synchronous  speed  under  no  load,  it  coming  up 
to  synchronous  spedd  when  the  field  is  supplied  with 
current. 

Curves  showing  the  relation  between  horse  power 
output  and  efficiency,  and  horse  power  output  and  power 
factor  are  platted  on  the  following  pages.   Prom  the  eff- 
iciency curves  for  three  phase  we  note  the  highest  eff4 
Iciency  at  three  amperes  field  current.   Now  turning  to 
the  power  factor  curves  we  also  Tiote  that  the  po'^er  factor 
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is  highest  with  three  amperes  field  current,  this  field 
excitation  giving  almost  unity  power  factor.   Now,  as  the 
field  excitation  is  increased,  the  efficiency  and  power 
factor  drop  off,  showing  that  that  which  was  a  lagging 
current  at  first  has  on  stronger  field  excitation  become 
a  leading  current. 

On  observation  of  the  power  factor  and  efficiency 
curves  for  this  motor  operated  on  two  phase  supply  we  note 
again  that  three  amperes  field  current  gives  the  highest 
efficiency  and  power  factor  and,  as  "before,  lesser  or 
greater  field  excitation  will  give  lower  power  factor  and 
efficiency,  due  to  lagging  or  leading  currents  produced 
In  the  armature. 

In  the  general  comparison  of  the  two  sets  of 
curves  of  the  motor  operated  from  two  and  three  phase 
supply  it  is  readily  seen  that  under  the  same  conditions 
of  operation,  the  two  phase  supply  gives  the  better  eff- 
iciency but  higher  power  factors  are  obtained  on  three 
phase. 
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— *  2-PHASE  BRAKE   TEST  a— 
Field  current  =  3  amperes. 
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88, 

.5 

8 

4450 

5.65 

5, 

.97 

.929 

94.6 

87, 

.8 

9 

5250 

6.37 

7, 

.04 

.917 

90.4 

82 

.9 
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— »  2-PHASE  BRAKE   TEST  a— 
Pield  current  =  4  amperes. 


#. 

Corrected 
scale. 

Volts. 

Amperes. 

-WATT 
Apparent. 

S  - 
True. 

Torque 

1 

19.66 

74.4 

19. 

0 

2810 

2200 

29.50 

2v 

24.66 

74.0 

22. 

2 

3290 

2780 

36.95 

3 

29.66 

73.4 

25. 

2 

3700 

3270 

44.40 

4 

34.66 

73.0 

28. 

.2 

4120 

3770 

51.90 

5 

39.66 

72.0 

31, 

.9 

4590 

4320 

59.55 

6 

44.66 

72.0 

36 

.1 

5190 

5060 

67.00 

7r 

49.66 

71.5 

41 

.7 

5960 

5720 

74.40 

8 

54.66 

71.0 

45 

.6 

6480 

6340 

82.00 

#. 

Watts 
input. 

HORSE  POWER. 
Output.   Input. 

Cos.€i. 

E 

P  P  . 
True. 

L  C  I  E  N  0  Y. 
Apparent. 

1 

2640 

2 

.80 

3. 

54 

.783 

79.1 

61 

.9 

2 

3220 

3 

.52 

4, 

32 

.845 

81.5 

68 

.8 

S 

3710 

4 

.23 

4, 

,98 

.884 

84.9 

75 

.1 

4.- 

4210 

4 

.94 

5 

.65 

.917 

87.5 

80 

.2 

5, 

4760 

5 

.65 

6, 

38 

.921 

88.5 

81 

.5 

6 

5500 

6 

.37 

7 

.38 

.975 

86.3 

84 

.1 

7 

6160 

7 

.08 

8, 

.26 

.961 

85.8 

82 

.5 

8 

6780 

7 

.79 

9 

.09 

.977 

85.7 

83 

.6 
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— *  2-PHA3E  BRAKE   TEST  -»— 
Field  current  =  5  amperes. 


#. 

Corrected 
scale. 

Volts. 

Amperes. 

-WATT 
Apparent. 

S  - 
True. 

Torque 

1 

29.66 

74.5 

30 

6 

4560 

3260 

44.50 

2 

34.66 

74.5 

32. 

.7 

4870 

3710 

52.0 

3 

39.66 

74.0 

35 

.4 

5230 

4320 

59.4 

4 

44.66 

73.5 

37 

.6 

5530 

4800 

66.9 

5 

49.66 

73.4 

41 

.4 

6080 

5360 

74.5 

6 

54.66 

72.6 

44 

.5 

6460 

5910 

82.0 

7 

59.66 

72.2 

48 

.2 

6940 

6510 

89.5 

8 

64.66 

72.0 

51 

.2 

7370 

7040 

97.0 

#. 

Watts 
input. 

HORSE  POWER. 
Output.   Input. 

Cos.©. 

E 

PPICIENCY. 
True.   Apparent. 

1 

3810 

4.23 

5, 

12 

.716 

82.7 

59 

.2 

2 

4260 

4.94 

5, 

,70 

.762 

86.7 

66 

0 

3 

4870 

5.66 

6 

.52 

.827 

86.8 

71 

.8 

4 

5350 

6.36 

7 

.18 

.868 

88.7 

76 

.9 

5 

5910 

7.08 

7 

.92 

.881 

89.4 

78 

.7 

6 

6460 

7.79 

8 

.66 

.916 

90.0 

82 

.5 

7 

7060 

8.50 

9 

.47 

.938 

89.8 

84 

.3 

8 

7590 

9.22 

10 

.18 

.956 

90.6 

86 

,6 
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— »   3-PIiASE      BRAKE      TEST   -rt— - 
Field  current  =  2   amperes. 


#. 

Corrected 
scale. 

Volts. 

Amperes. 

-WATTS- 
Apparent.      True. 

Torque 

1 

4.66 

62.7 

25. 

,3 

2740 

790 

6.98 

a 

9.66 

62.3 

26. 

,8 

2880 

1300 

14.50 

3 

14.66 

62.0 

28. 

,7 

3080 

1350 

21.95 

4 

19.66 

61.5 

32. 

.2 

3430 

2420 

29.50 

5 

24.66 

61.1 

36, 

.3 

3390 

3040 

36.95 

6l 

29.66 

60.6 

42. 

.7 

4480 

3660 

44.40 

7, 

34.66 

60.0 

50. 

.1 

5200 

4330 

51.90 

8 

39.66 

59.5 

60, 

.3 

6210 

5110 

59.40 

#. 

Watts 
input. 

HORSE      POWER. 
Output.      Input. 

Cos. 6. 

E 

PPIGIENCY. 
True.      Apparent. 

1 

1010 

.66 

1, 

,35 

.288 

48.9 

14. 

.1 

2 

1520 

1.38 

2, 

,04 

.452 

67.7 

30, 

.6 

3. 

2070 

2.09 

2. 

,78 

.600 

75.2 

45, 

.1 

t 

2650 

2.80 

3. 

,55 

.708 

78.9 

55, 

.8 

5 

3260 

3.51 

4, 

.37 

.780 

80.4 

62, 

.7 

e 

3880 

4.23 

5. 

,20 

.818 

81.4 

66 

.6 

7 

4550 

4.94 

5, 

.10 

.834 

81.1 

67 

.6 

8 

5330 

5.65 

7, 

.15 

.824 

79.0 

65 

.1 
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— -ij  3-FHASE   BRAI^   TEST  n— 
Pield  current  =  3  amperes. 


£ 

2 
I 

I 
5 
6 


5 

7 

'8 


Corrected 
scale. 

14.66 

19.66 

24.66 

29.66 

34.66 

39.66 

44.66 

49.66 


WATTS 
input. 

1955 

2485 

30  90 

3640 

4230 

4850 

5520 

6410 

6590 

7310 

b(.70 


Volts. 
61.0 
60.4 
59.8 
59.8 
59.0 
58.2 
58.0 
57.5 


Amperes. 
16.3 
21.3 
27.2 
32.3 
33.6 
45.8 
53.5 
63.7 


-WATTS- 
Apparent.   True 


1725 
2230 
2820 
3340 
3940 
4610 
5370 
6340 


True. 

Torque, 

1625 

21.95 

2155 

29.48 

2760 

37.00 

3310 

44.50 

3900 

52.00 

4520 

59.55 

5190 

67.00 

6030 

74.40 

/y1(» 


HORSE   POWER. 
Output.   Input, 


2.09 
2.80 
3.51 
4.23 
4.94 
5.65 
6.37 
7.08 


■i.^-: 


2.62 
3.32 
4.14 
4.88 
5.68 
6.50 
7.41 
8.59 


Cos.e. 
.942 

.967 
.980 
.990 
.990 
.930 
.968 
.958 


EFFICIENCY. 
True.      Apparent. 


79.8 

84.4 
84.9 
86.6 
87.0 
87.0 
85.9 
82.4 


-3o., 


75.2 
31.6 
83.2 
85.7 
86.1 
85.2 
83.2 
79.0 
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— n  3-PHASE   BRAKE   TEST  it- 
Field  current  =  4  amperes. 


#. 

Corrected 
scale. 

Volts. 

Amperes. 

-WAT 
Apparent. 

T 

S   - 
True. 

Torque, 

1' 

19.66 

62.0 

27. 

.A 

2940 

2210 

29.50 

2 

24.66 

61.5 

29. 

.7 

3160 

2750 

37.00 

3 

29.66 

61.0 

34, 

,1 

3600 

3310 

44.50 

4'' 

34.66 

60.5 

39. 

,1 

4090 

3830 

52.00 

5* 

39.66 

60.2 

44. 

,3 

4620 

4500 

59.50 

6 

44.66 

59.2 

50. 

.2 

5180 

5100 

67.00 

7 

49.66 

59.0 

56, 

.4 

5760 

5690 

74.50 

8* 

54.66 

58.4 

61. 

.2 

6190 

6150 

82.00 

9' 

59.66 

57.6 

69, 

.6 

6930 

6870 

89.50 

10 

64.66 

57.2 

77, 

.9 

7710 

7630 

97.00 

#. 

Watts 
input. 

HORSE      POWER. 
Output.       Input. 

Cos.^, 

E 

p  p  ; 

True, 

[    C   I   E   N   C   Y.  ' 
Apparent. 

1 

2650 

2.81 

3< 

.56 

,752 

79. 

.0 

59. 

,4 

2^ 

3190 

3.52 

4. 

,28 

.871 

82. 

.2 

71. 

.6 

3^^ 

3750 

4.24 

5. 

,03 

.920 

84. 

.4 

77. 

,6 

4'' 

4320 

4.95 

5. 

,30 

.948 

85, 

.3 

80. 

,9 

5 

4940 

5.67 

6, 

.64 

.975 

85, 

.4 

83, 

,3 

6' 

5540 

6.38 

7. 

.44 

.985 

85, 

.8 

84. 

.5 

7' 

6130 

7.10 

8, 

.23 

.990 

86, 

.2 

85. 

,3 

8« 

6590 

7.81 

8, 

.84 

.993 

88, 

.3 

87, 

.6 

9 

7310 

8.53 

9, 

,82 

.992 

86, 

.9 

86, 

.2 

10 

8070 

9.24 

10. 

.83 

.990 

85, 

.2 

84. 

.3 
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BRAKE 

TEST   '. 

c— 

Field 

current 

:  =  5 

amperes. 

#. 

CorrectG 
scale. 
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Volts. 

Amperes. 

-WATT 
Apparent. 

S   - 
True. 

Torque 

1 

29.66 

61,4 

46, 

.6 
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3520 

44.50 
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34.66 
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50, 
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F  F  : 

True, 
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PART  II.  SECTION. II. 
Hunting. 

We  found.  In  the  course  of  our  experimenting, 
that  on  light  loads  and  heavy  field  currents,  the  synch- 
ronous motor  was  subject  to  hunting  to  a  greater  or  less 
extent.   We  therefore  conducted  a  series  of  experiments 
with  various  loads  and  field  currents  to  ascertain  quan- 
titatively the  extent  of  this  hunting. 

Our  first  difficulty  lay  In  finding  a  method  of 
proceedure  and  an  apparatus  which  would  give  us  fairly 
accurate  results.   After  experimenting  for  some  time  with 
various  pieces  of  apparatus,  most  of  which  were  of  our 
own  design,  we  finally  decided  to  use  the  appa.ratus  shown 
in  diagram  on  the  following  plate.   One  part  of  the  ap- 
paratus consisted  of  a  circular  disc  of  thin  soft  wood, 
the  face  of  which  was  covered  with  white  pasteboard 
marked  with  "black  India  ink  in  the  manner  shown  on  the 
diagram.   This  disc  had  a  diameter  of  about  fifteen  inches 
and  was  fixed  rigidly  to  the  motor  shaft  by  means  of  a 
tap  bolt  so  that  it  would  rotate  with  the  motor  shaft. 
The  other  part  of  the  apparatus  consisted  of  a  piece  of 
cardboard  which  was  held  in  a  fixed  position  as  shown, 
by  a  wooden  support.   Its  lower  edge  was  cut  along  the 
circumference  of  a  circle  14.5  inches  in  diameter,  and 
the  card  card  was  then  adjusted  to  set  about  half  an  inch 
inside  of  the  edge  of  the  rotating  disc.   This  card  was 
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divided  into  quarter  inches,  half  inches,  and  inches, 
"beginning  with  a  central  line  which  corresponded  to  a  v 
vertical  radius.   This,  of  course,  could  have  "been  divi- 
ded into  degrees  so  as  to  read  directly  and  thus  simplify 
the  use  of  the  apparatus  somewhat.   In  connection  with 
this  apparatus  we  also  used  a  tuning  Tov'k   which  had  a 
frequency  of  100  vihrations  per  second.   This  fork  was 
especially  designed  with  overlapping  prongs,  "both  of  which 
were  slotted  so  that  a  "beam  of  light  could  pass  through 
the  slot  when  the  fork  was  at  rest,  though  it  would  he 
intercepted  when  the  prongs  were  vibrating. 

Since  the  rotating  disc  was  marked  with  twelve 
hlack  lines  spaced  at  equal  angles,  and  since  the  synch- 
ronous speed  of  the  motor  when  operating  on  25  cycle  sup- 
ply is  500  r.p.m. ,  it  is  evident  that  these  lines  will 
pass  any  given  point  at  the  edge  of  the  disc  at  the  rate 
of  six  thousand  per  minute  or  one  hundred  per  second, 
providing  the  motor  is  running  at  synchronous  speed.   If, 
then,  one  looks  at  the  rotating  disc  through  the  slot  in 
the  tuning  fork  while  the  latter  is  vibrating,  since  the 
slot  is  opened  and  closed  alternately  one  hundred  times 
per  second,  the  lines  on  the  rotating  disc  will  appear 
to  stand  still,  for  each  line  will  have  advanced  to  the 
position  previously  occupied  by  the  one  ahead  of  it  dur- 
ing the  time  the  slot  remains  closed.   Again,  if  the  motor 
is  running  above  synchronous  speed,  any  given  line  will 
advance,  during  the  Interval  of  interruption,  to  a  posit- 
ion slightly  in  advance  of  that  previbously  occupied  by 
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the  one  ahead  of  it,  and  the  lines  on  the  disc  will  appear 
to  rotate  in  the  same  direction  as  the  motor.   Similarly, 
if  the  motor  runs  bslov/  synchronous  speed,  the  lines  will 
appear  to  rotate  in  a  direction  opposite  to  that  of  the 
motor. 

It  is  evident  from  the  foregoing  that  if  the 
motor  is  hunting,  that  is  moving  alternately  above  and 
helow  synchronous  speed,  these  lines  will  appear  to  swing 
"back  and  forth  through  some  definite  angle.   Moreover, 
this  angle  will  be  a  direct  measure  of  the  variation  in 
speed.   It  will  therefore  be  a  measure  of  the  phase  dis- 
placement between  the  motor  and  the  generator,  and  since 
the  rotor  swings  both  ways  from  the  position  of  no  angular 
displacement,  the  maximum  angle  of  this  swing  will  indicate 
twice  the  change  In  phase  relation  between  the  motor  and 
generator. 

The  results  of  our  tests  are  shown  quite  plain- 
ly by  the  following  curve  sheets.   The  hunting  increased 
very  rapidly  with  an  increase  of  field  excitation  and  was 
far  greater  when  operating  on  three  phase  supply  than 
when  operating  on  two  phase  supply,  the  latter  practiC'- 
ally  eliminating  the  trouble  except  on  very  light  loads. 
When  the  motor  was  operating  from  three  phase  supply  at 
no  load  the  surging  in  the  line  became  so  bad  at  times 
as  to  release  a  circuit  breaker  in  the  direct  current 
side  of  the  supplying  rotary  while  set  at  130  amperes. 
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PART  II,  SECTION  III. 
Variation  of  Starting  Torque  With  Field  Excitation. 

We  conducted  some  experiments  in  order  to  de- 
termine whether  or  not  it  was  possilale  to  obtain  a  great- 
er starting  torque  with  a  c-^rtain  amount  of  field  excit- 
ation than  was  obtained  with  the  field  on  open  circuit. 
In  making  these  tests  the  rotor  of  the  motor  was  clamped 
by  means  of  the  prony  brake  and  the  stator  connected  di- 
rectly to  the  line,  the  frequency  and  voltage  of  which 
was  kept  constant.   First  the  torque  was  measured  with 
the  field  on  open  circuit,  which  is  the  customary  condit- 
ion of  starting.   In  view  of  the  fact  that  the  fields  are 
wound  with  a  great  many  more  turns  of  wire  than  are  the 
armature  coils,  and  that  the  armature  is  hald  stationary 
by  the  brake,  there  is  a  direct  transfoi'mer  action  bet- 
ween the  stator  and  the  rotor  which  Induces  in  the  field 
coils  a  very  high  e.m. f.   As  long  as  the  field  circuit  is 
broken  the  only  effect  of  this  e.m, f.  is  to  strain  the 
insulation  of  the  coils,  but  in  order  to  introduce  a  cur- 
rent into  the  fields  it  becomes  necessary  to  close  the 
field  circuit,  thus  forming  a  path  through  which  the  cur- 
rent will  be  forced  by  this  pressure.   This  current  will 
have  the  same  frequency  as.  the  supply  and  its  value  will 
be  determined  by  the  resistance  and  inductance  In  the 
circuit.   We  found  that  ten  110  volt  incandescent  lamps 
in  series  and  in  series  with  the  field  were  lighted  to 
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almost  normal  "brightness. 

The  field  circuit  in  this  case,  carries  a  dir- 
ect current  ranging  from  one  hundredth  to  twenty  five 
hundredths  of  an  ampere  and,  superimposed  on  this,  an 
alternating  current  of  from  one  half  to  three  amperes. 
The  alternating  current  in  the  fields  has  no  effect  on 
the  starting  torque  since  it  does  not  aid  in  magnetizing 
the  poles  and  its  reaction  on  the  stator  current  is  in  a 
direction  exactly  through  the  center  of  the  rotor  shaft. 
This  current,  then,  is  to  be  neglected  and  only  the  dir- 
ect current  measured.   This  was  done  hy  means  of  a  direct 
current  ammeter  of  the  Weston  type,  whicli  reads  the  effect- 
ive magnetizing  value  of  the  current. 

We  adjusted  the  direct  current  in  the  fields 
to  the  desired  value  by  means  of  sets  of  ten  incandescent 
lamps  in  series  which  could  be  placed  in  parallel  with 
each  other,  thus  reducing  the  resistance  of  the  circuit. 
In  this  manner  we  determined  the  starting  torque  with  the 
various  field  currents  indicated  on  the  accompanying  data 
sheet. 

Our  results  would  seem  to  indicate  that  there 
is  a  certain  small  field  current  which  gives  the  greatest 
starting  torque.   For  three  phase  operation  this  field 
current  is  about  .159  amperes,  and  for  two  phase  it  is 
about  .124  amperes. 

The  small  increase  in  starting  torque  together 
with  the  difficulty  and  danger  which  would  be  experienced 
in  attempting  this  method  of  starting  makes  it  highly 
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impractical.   As  stated  before,  the  e.m. f.  induced  In  the 
fields  is  so  high  at  starting  that  the  external  apparatus 
necessary  to  the  practical  adoption  of  this  method  v/ould 
"be  a  constant  source  of  danger.   Also  the  amount  of  res- 
istance necessary  to  keep  the  induced  alternating  field 
current  within  safe  bounds  and  to  secure  the  proper  value 
of  direct  current  would  ordinarily  be  quite  large,  cumber- 
some, and  expensive.   It  would  probably  never  be  found 
an  economical  Investment. 


/•r 


VEXATION  0.     ST^TINO     TOR,„.     ,,^     ,,,,,     ^„^^^^_ 


(a)  Two  Phase  - 

Field  Amperes. 

# 
Scale. 

Torque. 

.1925 

32.0 

32.4 

.1600 

32.0 

32.4 

.1250 

32.9 

33.8 

.0750 

32.8 

33.6 

.0400 

32.7 

33.5 

.0000 

32.0 

32.4 

(b)  Three  Phase  « 

.2300 

48.2 

56.7 

.1925 

48.8 

57.7 

.1600 

49.2 

58.3 

.1250 

48.4 

57.0 

.0750 

47.6 

54.3 

.0450 

47.0 

53.4 

.0000 

45.6 

52.8 

.TViSq^UO      OA^im      KTIW      alJpHCT      i^yrxTHATa  ■  "lO   :iOITAIHAV 


■^,:ir: 


00:.  r . 

03V0. 

00?--0. 
0000. 


8.SS 


•N         •r-l   K 


oca  I. 

OcRI. 
0000. 


iI-W-~3 


• 


TS      SB  A  SL   B    B,         P 


FB 


02103        TYPE  EH,    TOHM  B,    OSC 


Figure    (a) 


Figure    ("b) 


S-W-K 


Figure    (c). 


Figure    (d) 


S-W-K 


[  BL   rORI  B  ,    OSCILLrW] 
^SaCISG  ATTACHMKHTS, 


rLLOGRAPH  SHOfEBO  PHOTOGRAPHIC  AB11._  ■, 


Figure    (e) 


Figure    (f) 


3-w-K 


30, 


PART  II.  SECTION  IV. 
Determination  of  Wave  Forms  "by  means  of  the  Oscillograph. 

In  order  to  make  a  complete  study  of  the  forms 
and  phase  relations  of  the  various  current  and  e.m. f. 
waves  we  made  use  of  the  oscillograph.   This  piece  of  ap- 
paratus is  made  hy  the  General  Electric  Company  and  oper- 
ates on  the  reflecting  galvanometer  principle. 

One  of  the  very  small  reflecting  galvanometers 
is  shown  in  figure  (a)  of  the  following  plates.   A  strand 
of  very  fine  silver  ribhon  is  seen  issuing  from  the  ori- 
fice in  the  center  of  the  cylinder  A,  passing  over  the 
insulating  bridges  B  and  B-j^  to  the  pulley  P,  thence  pass- 
ing back  parallel  to  and  very  near  the  first  strand. 
This  strand  forms  the  one-loop  coil  constituting  the 
moving  part  of  the  galvanometer  and  supporting  the  small 
mirror  seen  between  the  insulating  bridges  B  and  B^, 
whose  object  it  is  to  reflect  the  beam  of  light.   This 
moving  system  is  so  light  as  to  be  able  to  vibrate  at  a 
natural  period  of  six  thousand  oscillations  per  second. 
In  order  to  steady  its  motion  the  system  is  immersed  in 
a  damping  liquid  of  castor  oil. 

A  set  of  these  galvanometers  are  built  together 
as  shown  in  figure  (b).   Here  also  are  sho\m  the  large 
field  coils  which  are  excited  from  a  110  volt  circuit  and 
furnish  the  strong  magnetic  field  in  which  the  galvan- 
ometer coils  operate.   Figure  (c)  shows  the  complete 
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internal  arrangement  of  the  apparatus.   SH  is  an  electric- 
ally operated  shutter  which  intercepts  the  beam  of  light 
when  making  photographs,  "but  for  visual  worTc  this  is  drawn 
aside  and  the  "beara  allowed  to  pass  to  the  three  prisms 
located  at  G.   From  these  the  light  is  refracted  through 
the  slits  0,  to  the  galvanometers  located  at  the  left  of 
the  view.   After  reflection  the  beam  passes  'back  and  may 
be  photographed  on  a  revolviiig  sensitized  film  or  it  may 
be  reflected  upward  by  means  of  a  synchronous  mirror, 
which  is  a  mirror  supported  at  either  end  and  given  a  vib- 
ratory motion  in  synchronism  with  the  current  through  the 
galvanometer  by  means  of  a  small  synchronous  motor.   The 
spot  of  light  reflected  from  this  mirror  is  caught  on  a 
celluloid  screen  above  where  it  traces  the  v;ave  form,  the 
vibration  of  the  reflecting  galvanometer  determining  the 
ordinate  at  any  point  and  the  corresponding  abscissa 
being  determined  by  the  position  of  the  synchronous  mir- 
ror.  The  sensitized  film  is  wound  on  the  drum  shown  in 
figure  (d)  which  is  made  to  rotate  by  means  of  a  small 
motor.   In  this  case  the  synchronous  mirror  is  turned  out 
of  the  path  of  the  beam  of  light  and  the  abscissa  for  any 
ordinate  is  determined  by  the  position  of  the  revolving 
cylinder. 

Figures  (e)  and  (f)  show  the  complete  instrum- 
ent as  it  appears.   The  small  visual  and  tracing  attach- 
ment is  shown  on  top  at  the  end  and  the  synchronous  motor 
and  apparatus  for  driving  the  photographic  attachment  are 
seen  on  one  end,  while  the  binding  posts  and  fuses  for 
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the  various  galvanometer  circuits  are  on  the  other  end  of 
the  case. 

A  current  transformer  was  used  for  reducing  the 
armature  current  so  that  it  might  he  lead  into  the  oscil- 
lograph galvanometers.   Because  of  this  the  current  in 
the  armature  and  that  in  the  galvanometer  circuits  were 
180°  out  of  phase,  or  in  exact  opposition  (neglecting  the 
mechanical  imperfections  of  the  transformer).   Then  all 
stator  current  curves  as  shown  on  the  oscillograms  must 
"be  turned  upside  down  so  that  the  negative  values  hecome 
positive  and  vice  versa,  in  order  to  make  comparisons  with 
the  other  curves.   This  fact  will  not  'be  mentioned  in  the 
following  discussion  "but  must  be  constantly  borne  in  mind 
while  studying  the  curves. 

Oscillograms  A,  B,  C,  and  D  show  the  relation 
of  field  current,  armature  current,  and  impressed  e.m. f. 
for  two,  three,  four,  and  five  amperes  in  the  field  resp- 
ectively, the  motor  running  on  no  load  and  operating  from 
the  three  phase  supply.   Figure  A  shows  the  e.m, f.  and 
armature  current  nearly  in  quadrature,  the  current  lagging 
the  e.m. f. ,  and  no  hunting  can  be  noticed.   The  field  cur- 
rent is  pulsating  in  all  the  oscillograms,  due  to  the 
effect  of  the  teeth  on  the  stator.   Figure  B,  taken  on 
three  amperes,  shows  a  certain  amount  of  hunting.   The 
field  current  is  not  constant  but  fluctuated  in  value 
as  shown  by  the  rising  and  falling  curve.   Also  the  arm- 
ature current  Is  seen  increasing  and  decreasing  in  value 
but  the  e.m. f.  is  more  uniform.   With  the  higher  field 


,..:;     ,     ,    'jrl   i)fT:;,.     ■_      ._.'_.     .,i:t    dTfCilLfO    .. 

.,'      'o  ■■  ";  err)    ;'^'- icM 

.  •  t"     oirf-'i.'OlXiooO   :-f!J   ;:c   rr.vo.Ja   j^   c:ftVi'.ro    J-XT'jri'XJJo   ■io''^<.-'3 

■   aro-; :■:':},  iP:co    \-7i:zrz  o::    -i-ji/xc  r:i    ,j:i'.'izv   '■■■olv    ""'rco   c  vx.' :.::;0':j. 
;    ffi   ;j^.r'rJ;.:n::'r:  cq-  ooi;   IIIw  oobI   aiiril       .;::i:iV'i.rio   '.;erwO   cii 


^qo   j'-o.'^?:^  ri   '^rc    ,V)c;^''a.  "^o   ::-i:c    °0';i 


I.•^1    ■'■J-   '"CiiCi    ■:.   hrm    tO    ,vJ    ^A   MrrC'lA':'!  ^i-^<'' 

fli   ^'fu-'i-irjo   c::;:    ,  :;'iX' j'.v'vcn.h--f'  ni   sjl-ioeit   Jnt-r'^i/'O    S'l'/d-i-'iu'iB 
•;'/"J    '  ;■■    -rrr)    ^'v:~irv:-c-lLloyiC    .-r^j    II'-   fj    v,n ;  ^  oclirc;    ai    orii;'! 

fj.LrX;3V  nl   2  eel  j^f' Jo  Til  c;;;o   jrc,^  !:x:c-o   oon  ;"  o   .ol^^i'i 


33, 


currents  "became  so  "bad  that  it  is  impossible  to  determine 
the  phase  relation  of  the  current  and  e.m. f.  from  the  oscil- 
lograms. 

The  next  four  oscillograms,  E,  F,  G,  and  H  form 
a  set  taken  with  a  load  represented  by  a  torque  of  sixty 
pounds  feet  and  field  current  of  2,  3,  4,  and  5  amperes 
respectively.   From  these  curves  we  can  see  the  change 
in  phase  between  the  current  and  e.m. f.  as  the  field  ex- 
citation is  increased,  since  hunting  is  almost  entirely 
eliminated  by  the  load.   The  first  of  these  shows  the 
current  lagging  greatly  while,  as  we  proceed  through  the 
series,  it  lags  less  and  less  till  in  the  last  we  have 
a  slightly  leading  current. 

The  next  is  a  series  of  three  sheets,  I,  J,  and 
K,  taken  with  no  load  on  the  motor  while  operating  from 
the  two  phase  supply.   These  oscillograms  show  only  the 
applied  and  counter  e.m. f, s  for  three  field  currents, 
•7,  2,  and  4  amperes  respectively.   The  two  e.m. f. s  re- 
main constantly  in  quadrature  but  the  counter  e.m. f. 
changes  from  a  depressed  wave  with  the  lowest  excitation 
to  a  peaked  wave  with  the  highest  excitation.   The  number 
of  kinks  in  the  counter  e.m. f.  wave  coErespond  to  the  num- 
ber of  stator  teeth  covered  by  a  rotor  pole  piece. 

In  order  to  more  clearly  show  the  effect  of  hun- 
ting, oscillogram  M  v/as  taken.   This,  in  combination  with 
D,  shows  clearly  how  the  current  fluctuates  in  value  and 
changes  its  phase  relation  with  respect  to  the  impressed 
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e.m. f. ,  even  shifting  from  a  lagging  to  a  leading  current 
in  oscillograni  D.   The  fluctuations  of  the  field  current 
are  also  plainly  shown  lay  these  figures. 

Having  noticed  a  peculiar  effect  produced  on  the 
stator  and  rotor  current  wave  forms  "by  opening  one  line 
of  the  three  phase  supply  we  took  oscillogram  N  to  illus- 
trate this.   Where  the  stator  current  is  a  maximum  the 
rotor  current  is  a  mlnlmiim,  showing  the  depressing  effect 
of  the  stator  magnetism. 
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3-phase. 


"f=  5  amperes.      Load  =  50#' 

1  =  stator  current. 

2  =  impressed  e.m,  f, 

3  =  rotor  current. 
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